Site-directed mutagenesis has been used to examine the function of a highly conserved aromatic residue, darp43, in the light-harvesting 1 antenna ofthe photosynthetic bacterium Rhodobacter sphaeroides. In this antenna dfrp43 is thought to be located near the putative binding site for bacteriochlorophyll; in this work it was changed to both Tyr and The photosynthetic apparatus of the purple bacterium Rhodobacter sphaeroides consists of a membrane protein complex, the reaction center (RC), surrounded by a core light-harvesting complex, LH1, also referred to as B875, in a fixed stoichiometry of -12 LH1 a(3 dimers per RC. An additional peripheral light-harvesting complex, LH2, also referred to as B800-850, occurs in variable amounts in response to environmental levels of light and oxygen (1, 2). The structure of the RC of Rb. sphaeroides is known to atomic resolution (3, 4); however, the structures of the LH1 and LH2 complexes are not known, although diffracting crystals ofvarious LH complexes have been reported (5-10). As yet, these structures have not been solved, so it is necessary to employ other methods such as mutagenesis and spectroscopy to obtain relevant data. As a result of these approaches, more information is becoming available on the interaction of the chromophores of LH1 and LH2 with nearby residues of the antenna polypeptides (11, 12) . These data can be used to test existing model structures derived from spectroscopic and electrophoretic mobility studies of wild-type (WT) complexes. The models that have been proposed for bacterial LH complexes all follow a similar pattern in that the af8 heterodimer, which in the case of LH1 would bind 2 bacteriochlorophyll (bchl) molecules, is considered to be the minimum possible building block. The topology and conformation of these subunits are thought to be similar, each with a cytoplasmically exposed N terminus, a single transmembrane helix, and a periplasmic C terminus. There are indications of turns at or near the membrane interfaces (13 (20) , and Rhodocyclus gelatinosus (21), leading to the speculation that this bchl dimer is the building block of the LH1 complex. Characterization of the B820 form (22) supports the idea that it is an excitonically coupled bchl a dimer. Moreover, resonance Raman measurements of the B820 showed that it differed from the B873 form in the interactions of the C2 acetyl carbonyl; the loss of a H bond was one possible explanation of the Raman data. A more detailed Raman study of the LH1 ofRs. rubrum G9 has shown that upon formation of the B820, the strength of one H bond was increased (23 FT, Fourier transform; WT, wild type; P-OG, n-octyl P-Dglucopyranoside; ODPS, n-octyldipropyl sulfoxide.
riochlorophyll; in this work it was changed to both Tyr and Phe, and in each case the main near-infrared absorbance peak was shifted to the blue, from 876 nm to 865 am and then to 853 nm, respectively. Resonance Raman spectroscopy of the resulting complexes shows a shift of one component of the 1640-cm'1 peak to 1632 cmn' for the Tyr mutant and to 1660 cm' for the Phe mutant. This demonstrates a strengthening of an existing H bond for the Tyr change and a breakage of this bond for the change to Phe. The 1640-cm'1 peak has been previously asned to H-bonded C2 acetyl carbonyl groups of both bacteriochlorophylis in the light-harvesting 1 antenna dimer [Robert, B. & Lutz, M. (1985) RhochIm. Riophys. Acta 807, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These results indicate that one of these H bonds Is to drrp43, placing this residue in close proximity to the bacteriochlorophyll a macrocycle with which It interacts. The existence of this bond places constraints on the conformation of the a polypeptide, and a model of an afl heterodimer is presented incorporating these data.
The photosynthetic apparatus of the purple bacterium Rhodobacter sphaeroides consists of a membrane protein complex, the reaction center (RC), surrounded by a core light-harvesting complex, LH1, also referred to as B875, in a fixed stoichiometry of -12 LH1 a(3 dimers per RC. An additional peripheral light-harvesting complex, LH2, also referred to as B800-850, occurs in variable amounts in response to environmental levels of light and oxygen (1, 2) .
The structure of the RC of Rb. sphaeroides is known to atomic resolution (3, 4) ; however, the structures of the LH1 and LH2 complexes are not known, although diffracting crystals ofvarious LH complexes have been reported (5) (6) (7) (8) (9) (10) . As yet, these structures have not been solved, so it is necessary to employ other methods such as mutagenesis and spectroscopy to obtain relevant data. As a result of these approaches, more information is becoming available on the interaction of the chromophores of LH1 and LH2 with nearby residues of the antenna polypeptides (11, 12) . These data can be used to test existing model structures derived from spectroscopic and electrophoretic mobility studies of wild-type (WT) complexes. The models that have been proposed for bacterial LH complexes all follow a similar pattern in that the af8 heterodimer, which in the case of LH1 would bind 2 bacteriochlorophyll (bchl) molecules, is considered to be the minimum possible building block. The topology and conformation of these subunits are thought to be similar, each with a cytoplasmically exposed N terminus, a single transmembrane helix, and a periplasmic C terminus. There are indications of turns at or near the membrane interfaces (13) . The distance between the 2 bchl macrocycles and the angles that they make with each other and the membrane normal have been deduced from circular and linear dichroism experiments (14) . The extensive aggregation of this simple system, which is necessary for its biological function, results in a large network of perhaps 150 bchls that surround and interconnect up to four RCs (15) . The interactions that mediate this aggregation process and the association with the RC are not known at present.
One approach that provides new information on LH complexes involves the reversible dissociation of LH1 into smaller units, a process that occurs upon the addition of the detergent f-octyl glucoside (16, 17) . The LH1 forms a B820 species, which can be reassociated to form a B873 complex. This work has primarily studied LH1 from Rhodospirillum rubrum, but Chang et al. (18) have also isolated a B820 species from Rb. sphaeroides and similar B820 complexes have been obtained for Rhodobacter capsulatus (19) , Rhodopseudomonas marina (20) , and Rhodocyclus gelatinosus (21) , leading to the speculation that this bchl dimer is the building block of the LH1 complex. Characterization of the B820 form (22) supports the idea that it is an excitonically coupled bchl a dimer. Moreover, resonance Raman measurements of the B820 showed that it differed from the B873 form in the interactions of the C2 acetyl carbonyl; the loss of a H bond was one possible explanation of the Raman data. A more detailed Raman study of the LH1 ofRs. rubrum G9 has shown that upon formation of the B820, the strength of one H bond was increased (23) . The authors speculated that the new H bond is made to a detergent molecule as both n-octyl (3-D-glucopyranoside ((3-OG) and n-octyldipropyl sulfoxide (ODPS) are capable of satisfying the H bond requirements of original donor and acceptor groups and the signal shift was the same in either detergent.
Brunisholz and Zuber (24) have suggested that clusters of conserved aromatic residues, thought to be close to the chromophores of RC, LH1, and LH2, are responsible for the observed red shift of the bound bchls. Fowler (12) demonstrates that the alteration of the aTyr44, Tyr45 motif in the C-terminal portion of the LH2 subunit produces a progressive blue shift in the B850 absorbance as the motif is changed to Phe Tyr (838 nm) and then to Phe Leu (826 nm). These Tyr residues in LH2 are in a similar position in the protein sequence, with respect to the central conserved His, as aTrp43 in LH1 and can form H bonds. It seems likely that they perform a similar function in the LH2 complex as aTrp43 does in LH1.
To our knowledge, there have been no reports to date of mutagenesis of the LH1 complex of Rb. sphaeroides. More generally there is little information on the role of conserved aromatic residues in the C-terminal domains of the a and (3 subunits of LH1. This work reports changes of the highly conserved aTrp43 to Tyr and Phe, which both retain the aromatic nature of the original residue but differ in their ability to form H bonds. The mutants have been expressed as LH1-only and as LH1 plus RC strains in order to establish whether the changes radically affect the LH1 complex and, thus, its interaction with the RC or whether the changes are confined to the bchl binding site. They have been examined using absorbance and resonance Raman spectroscopy; this latter technique is sensitive to the H-bonding status of the C2 acetyl carbonyl oxygen and the C9 keto carbonyl oxygen, both of which are linked with the bchl a conjugated bond system. The results demonstrate that alteration of aTrp43 to Tyr and then Phe produces blue-shifted absorption maxima of 865 and 853 nm, respectively. The resonance Raman studies show a strengthening of an existing H bond to the C2 acetyl of a bchl a molecule for the Tyr change and a breakage of this bond for the change to Phe. These data indicate that aTrp43 is in close proximity to one of the LH1 bchls.
METHODS
Mutagenesis of the LH1 genes was conducted according to the protocol of Kunkel (25, 26) with oligonucleotides designed to change the aTrp43 residue to Tyr and Phe by introducing the preferred codons for these residues.
Mutants were screened by sequencing using the dideoxy termination method and the Sequenase system (27) (28) (29) . Mutant replicative form M13 DNA was digested with BamHI and Xba I to release the LH1 genes as a 480-bp fragment, which was cloned into the expression vector pRKEK1. This was then used to transform Escherichia coli S17-1 cells (30) for conjugative transfer of the genes into the LH2-LH1-RC-double deletion strains DD13 and DD13/G1 (31). Colonies harboring the mutant genes were grown chemoheterotrophically in the dark at 34°C on M22+ agar plates in the presence of neomycin and tetracycline at 20 and 5 ,ug/ml, respectively. Screening for expression of the mutant genes was conducted directly on the colonies using a Guided Wave model 260 spectrophotometer (Guided Wave, Eldorado Hills) with a home-built agar plate holder. A selection of positives was grown up in 10 ml of M22+ liquid culture containing 0.1% Casamino acids (antibiotics, temperature as before) in the dark at 180 rpm in a shaker incubator. One culture was inoculated into successively larger volumes, first 80 ml and then 1.5 liter maintaining the growth conditions already outlined. The 1.5-liter culture was harvested by centrifugation (20 min at 7000 rpm in a Beckman JA-10 rotor at 4°C), and the cell pellet was resuspended in 20 ml of TE (10 mM Tris/1 mM EDTA, pH 8). The concentrated cell suspension was frozen at -20°C until immediately prior to French press disruption. The cells were pretreated with 1 ml of lysozyme (10 mg/ml) and incubated at 370C for 30 min. DNase I was added to the cells prior to lysis, and the pressing was conducted at a cell pressure of 20,000 psi (1 psi = 6.89 kPa) in an Aminco French pressure cell. The pressing was repeated for maximum lysis. The lysate was loaded onto a 15%/40%o (wt/wt) sucrose step gradient and centrifuged in a Beckman Ti 45 rotor for 10 hr at 27,000 rpm at 40C. The intracytoplasmic membrane fraction was harvested from the interface and further treated to concentrate the membranes by diluting out the sucrose with TE and centrifuging in a Beckman Ti 45 rotor for 3 hr at 35,000 rpm at 40C. The membrane pellet was resuspended in a small volume, typically 1 ml of TE, and frozen at -200C until use.
Fourier transform (FT) Raman spectra were recorded at 4-cm-1 resolution using a Bruker IFS 66 interferometer coupled to a Bruker FRA 106 Raman module equipped with a continuous Nd:YAG laser. The setup, laser powers, and sample behavior are extensively described in Mattioli et al. (32) . All spectra were recorded at room temperature with back-scattering geometry from pellets of membrane held in standard aluminium cups. Depending on the samples, spectra were the result of 1000 to 10,000 co-added interferograms. Resonance Raman spectroscopy was carried out on the LH1 complexes using 1064-nm excitation, which corresponds to preresonance ofthe Qy transition ofbchl a. The Raman signal thus obtained arises mainly from these molecules. All resonance Raman spectra shown are in the "red" DD13 double deletion strain (main carotenoid spheroidene), which has the same carotenoid content as the WT Rb. sphaeroides, but there was no change in the results when the measurements were repeated using complexes expressed in the "green" deletion strain DD13/G1 (main carotenoid neurosporene; data not shown).
RESULTS
In the two different carotenoid backgrounds studied in this work the absorption maxima of membranes at room temperature of the aTrp43-Tyr mutant are 865 (DD13) and 866 nm (DD13/G1) showing a small but distinct effect ofthe different carotenoid/bchl interaction as well as a blue shift (data not shown). The maximum absorption of membranes of the aTrp43-)Phe mutant is 853 nm in both carotenoid backgrounds. It is not clear why there should be this small carotenoid effect for the change to Tyr, though this might reflect a loss of an interaction between a functional group (such as the methoxy moiety in spheroidenone) and Trp (WT). The effect of carotenoid composition on the absorption maximum of the WT LH1 has been reported for the DD13 (main carotenoid spheroidene), DD13/G1 (main carotenoid neurosporene), and DD13/W (main carotenoid phytoene) deletion strains, which are 876, 874, and 868 nm, respectively (31) . In each case LH1 is the only pigment protein complex present, which simplifies the spectroscopic analysis.
The maximum absorption wavelengths at 80 K of the mutants when coexpressed with WT RCs are very similar to the LH1 only values (aTrp43--Tyr 866 nm, RC + aTrp43-*Tyr 865 nm and aTrp43--'Phe 857 nm, RC + aTrp43--Phe 862 nm), indicating that the shifts are not due to a membrane organization that is specific to the LH1 only membranes.
Low-temperature (80 K) absorption spectra of the WT and mutant membranes, from the DD13 background, show a distinct broadening of the aTrp43-*Tyr peak (see Fig. 1 antenna. Fig. 2A displays the high-frequency region (1550-1750 cm-') of the following LH1-only membranes: WT, aTrp43-*Tyr and aTrp43-*Phe. In the preresonance conditions used it is expected that the resonance Raman spectra will contain contributions only from the bchl and carotenoid molecules (32) . This region of the Raman spectrum has a band at ca. 1600/1611 cm'1, arising from the methine bridge stretching mode of the bchl a, which is sensitive to the coordination state of the central Mg ion of these molecules (33) . This is located at ca. 1600 cm-' when this atom binds two axial ligands and at 1610 cm-' when it interacts with only one axial ligand. Additional information on the coordination state of the central Mg ion can be obtained from bands in the low-frequency region of the spectrum between 150 and 300 cm-' (34) . In the 1620-to 1710-cm-1 range are contributions from the stretching modes of the carbonyl groups conjugated with the dihydrophorbin macrocycle, that is the C2 acetyl and C9 keto carbonyl groups (35) . Using 1064-nm excitation, these modes are intense in this spectral region, dominating the band arising from the methine bridge stretching mode (36) . The frequency of both the C2 acetyl and C9 keto carbonyl groups is sensitive to the involvement of these modes in intermolecular interactions, and these bands are located at ca. 1660 cm-' and 1695 cm-', respectively, when these groups are free from any intermolecular interactions. Upon formation of H bonds they shift down to ca. 1620 cm-' and 1660 cm-', respectively, depending on the strength ofthe H bond formed (35) .
In the WT spectrum there are bands present at 1610, 1642, and 1661 cm-', as observed previously for Rs. rubrum chromatophores (32, 37) . The frequency of these bands matches those obtained for LH1 purified from >10 different strains of purple bacteria by Soret resonance Raman in 1985 (38) . It was concluded at the time that the central Mg ion of all the bchls present in the complexes were penta-coordinated and that the 1642-cm-' band was degenerate, containing contributions from both C2 acetyl carbonyls of the two bchl a molecules present in the minimal unit (a44 dimer) being involved in similar intermolecular interactions. In the aTrp43-+Tyr and aTrp43-*Phe mutants most of the spectral features seen in the WT are conserved, such as the frequency and width of the methine stretching mode at 1610 cm-' and the frequency of the C9 keto stretching mode at 1661 cm-', indicating that these interactions are largely undisturbed, but these mutations seem to have a drastic effect on the C2 acetyl stretching frequencies ( Fig. 2A) . Indeed, replacing aTrp43 by a Phe dramatically decreases the intensity of the 1642-cm-' band, relative to the 1610-and the 1661-cm-1 bands. Closer inspection reveals that the 1642-cm-' band intensity decreases relative to the 1610-cm-' band, while the intensity of the 1661-cm-' peak increases relative to the same band. Moreover, the width of the 1661-cm-' band increases in the aTrp43--Phe mutant accompanied by a small downshift. This effect can be modeled by considering that half of the intensity of the 1642-cm-1 band shifts up to -1659 cm-', a frequency that corresponds to C2 acetyl carbonyl groups that are free from interactions, and that the superimposition of this component upon the C9 keto mode causes the broadening and apparent downshift of the 1661-cm-1 peak. It can thus be concluded that the aTrp43-.Phe mutation disrupts the intermolecular interaction between aTrp43 and the C2 acetyl carbonyl group of bchl a and that approximately one-half of the population of bchl a molecules is involved. In the aTrp43--Tyr mutant the intensity of the 1642-cm-' band also strongly decreases, but with no concomitant increase in the intensity of the 1661-cm-1 band when compared to the 1610-cm-' signal. However, a new component appears at 1630 cm-', and the data can be simulated by considering that about half the intensity at 1642 cm-' shifts down to 1630 cm'1, indicating the formation of a new interaction to the C2 acetyl carbonyl. We thus conclude that the aTrp43-Tyr mutation promotes a stronger interaction with half of the C2 acetyl carbonyl groups of the bchl pigments.
It is possible that the presence of RCs could modify changes in the LH1 structure when the two associate together. To establish that the structural changes observed for the aTrp43 mutants were intrinsic modifications of the bchl binding site and could also be observed in an intact LH1/RC core, they were expressed together with WT RC genes. The resultant membranes show absorption peaks characteristic of both LH1 and RC (see Fig. 1B ), indicating that both are correctly inserted into the membrane. Under the conditions in which the membranes are examined, the RCs are expected to be oxidized (36) , and their major contribution with 1064-nm excitation is an intense 1600-cm-' band arising from the P methine bridge stretching mode. The P+ carbonyl groups are not very active under these conditions (35) and would be hidden by the more dominant LH1 contributions. Fig. 2B displays the FT Raman spectra of the WT RC plus LH1, WT RC plus aTrp43--+Tyr, and WT RC plus aTrp43-+Phe mutants. The spectra show the same pattern of peaks for the LH1 component as seen in Fig. 2A , but with the additional contribution of the RCs at 1600 cm-'. This clearly demonstrates that the binding site of one of the LH1 bchls is still affected by the mutations even in the presence of RCs.
DISCUSSION
Upon replacement of aTrp43 by Phe, a breakage of a medium-strength H bond is observed for the C2 acetyl carbonyl of one of the two bchls in the LH1 complex. However, it does not directly follow that aTrp43 is in contact with this carbonyl group as it is possible that this mutation could produce a long-range rearrangement of the polypeptide structure that could result in the same modification ofthe binding site of this bchl. The structure of Phe, though still aromatic, is quite different from Trp, in that it lacks an indole group and comprises only a single ring. Thus the change could cause perturbation through either a new packing order or change of H-bonding arrangements. However, the change to Tyr gives rise to a new peak at 1630 cm-', which provides more evidence of contact between the bchl and aTrp43, since it demonstrates the formation of a stronger H bond. The appearance of the 1630-cm-1 peak is to be expected as Tyr is known to be a better H bond donor than Trp and would cause a downshift of the stretching frequency of the C2 acetyl carbonyl if this residue formed a H bond with the C2 acetyl carbonyl. A recent report by Wachtveitl et al. (39) supports the notion that the introduction of a Tyr residue can produce the expected strengthening of a H bond in vivo. Replacement of Phe197 by Tyr in the M subunit of RCs ofRb. sphaeroides, where this residue is likely to be in contact with PM of the special pair, results in a downshift in the FT Raman signal of aband at 1659 cm-' (C2 acetyl carbonyl free from interaction) to 1633 cm-' (C2 acetyl carbonyl in contact with Tyrl97). The new frequency observed for the aTrp43-+Tyr mutant (1630 cm-') is extremely close to that observed for the RC-M Phel97--Tyr change. Thus we conclude that in LH1 aTyr43 is brought near to the C2 acetyl carbonyl of one of the bchls of the dimer that was previously interacting with aTrp43 in the WT. An indirect structural effect produced by the aTrp43-+Tyr change that brings a H bond acceptor near to the acetyl carbonyl groups cannot be excluded. However, as the other features of the resonance Raman spectra have not been changed by the mutants, and as the frequency of the carbonyl stretching modes is expected to be extremely sensitive to any modification of the H bond distance and geometry, this type of effect is rather unlikely. The fact that the absorption maximum shifted to the blue rather than to the red, as might be expected in the light of the calculations of Hanson et al. (40) , could be considered as an indication that the excitonic interactions have been perturbed in the mutants. This supposition is supported by the observed broadening ofthe Qy transition in both mutants (see Fig. 1A The accompanying changes in the maximum absorbance wavelength of the two mutations would appear to be caused by a combination of factors including the change in the H-bond condition of one of the bchls. For the aTrp43--Tyr mutation it might be expected that a stronger bond might cause a shift to the red rather than the observed blue shift. It may be that the blue shift is caused by a rearrangement of the oligomeric structure of LH1, which results in a weaker interdimer exciton coupling and/or different aggregation states; these possibilities may be examined using CD and fluorescence polarization techniques, which will yield information on the orientations and separations of the pigment molecules. It is possible that for the aTrp43-+Tyr mutant a small red shift is superimposed on a much larger blue shift, the latter being a result of a structural rearrangement, as outlined above. To attempt to gauge the size of this "invisible" red shift it is perhaps better to consider the difference in the maximum absorption of the two mutants, rather than between the WT and the mutants, as Tyr and Phe are structurally very similar. The difference in the maximum absorption of the aTyr43 (865 nm) and aPhe43 (853 nm) mutants in the DD13 deletion background, at room temperature, is 12 nm and, assuming the residues produce similar structural perturbations, and hence blue shifts, this may represent the extent of the red shift that could be attributed to the H bond. It is clear from the in vitro work (16, 17, 22, 41, 42) When looking at the aligned sequences of LH1 and LH2 complexes it is apparent that aTrp43 is one ofthe most highly conserved residues in LH1 and that the equivalent residue in LH2 is Tyr44. From this work we have strong evidence that this Trp is H-bonded to one of the bound bchls, giving rise to a component of the 1640-cm-1 peak, which is a feature of all LH1 Raman spectra; thus it is probable that this H-bond arrangement exists in all LH1 complexes. Moreover, alteration of aTyr44 to Phe in LH2 of Rb. sphaeroides also appears to disrupt a H bond between the Tyr and the C2 acetyl carbonyl of one of the B850 bchls (43) . The presence of these highly conserved aromatic residues in this region of light-harvesting complexes may now be assigned with reasonable confidence to their interaction with the bchls, prob- ably as a part of the binding site. In Fig. 3 (43) between aTyr44 and the 18 subunit C2 acetyl carbonyl. Fig. 3 was drawn using MOLSCRIPr (44) and depicts the regions beyond the membrane as helical for ease of display. This arrangement is in broad agreement with a model for the LH complex ofEctothiorhodospira halochloris ofBrunisholz and Zuber (45) , where the C-terminal region is shown reentering the membrane, allowing close approach of the helix to the a subunit bchl. 
